This paper examines two cases where gamma rays from Tl-208, including the 2614keV gamma ray, were used to detect anomalies in waste material. In addition to the characterization of waste for waste acceptance, and compliance with environmental and transportation laws, there is a safeguards element as well. The more sophisticated method of NDA at Y-12 includes a means to detect shielded special nuclear material (SNM). Excess count rates in the 2614keV gamma ray from Tl-208 are an indication of potential shielded HEU in waste as well as other containers. The 2614keV gamma ray is easy to monitor routinely. When a large 2614keV peak is detected, further investigation can be conducted from the gamma spectrum. This paper describes this further investigation in two cases. In one case self-shielded HEU was detected. In the other case the Tl-208 gamma rays came from a piece of Th-232 metal.
Introduction
Virtually all weapons grade HEU contains small quantities of U-232 introduced from the production of plutonium.
1 Natural uranium was irradiated in reactors at Hanford and at Savannah River to produce plutonium before the uranium was enriched. There is therefore a small quantity of U-232, somewhat less than one part per billion, in weapons grade HEU. Because of the short 72 year half-life, U-232 has a very high specific activity. Therefore, even though it is present in low concentrations, it functions as an effective tracer isotope in HEU.
The most prominent gamma ray from U-235 is the 186keV gamma ray. All of the gamma rays from U-235 with any appreciable emission rate are 205keV or lower. Because of the low energy, these gamma rays are easily shielded. The mean free path of the 186kev gamma ray in lead is less than a millimeter and about a third of a millimeter in uranium. The small quantity of U-232 present in HEU emits substantially higher energy gamma rays. The 2614keV gamma ray from Tl-208 in the decay chain of U-232 Y/ EN-8270 May 26, 2009 has a mean free path of 20cm in lead and 12cm in uranium. This gamma ray is therefore much more difficult to shield.
2
The interpretation of the 2614keV gamma ray is complicated by the fact that it comes from both U-232 and Th-232. The isotope Tl-208 is produced by the decay of both U-232 and Th-232 as shown in Figure 1 . Both decay chains join at the Th-228 isotope. Th-232 decays through Ac-228 to Th-228, producing several characteristic gamma rays. It is the decay of Ac-228 and associated gamma rays that distinguish Th-232 from U-232. When a large 2614keV peak is detected, further investigation can be conducted from the gamma spectrum. This paper describes this further investigation in two cases. In one case self-shielded HEU was detected. In the other case the Tl-208 gamma rays came from a piece of Th-232 metal.
Analysis
This section describes the analysis used by ISOTOPIC software to produce the differential attenuation plots shown in Figures 2a through 3b . These plots show the percent difference in activity calculated for various gamma ray energies from an isotope, compared to a reference gamma ray. The reference gamma rays for each uranium, thorium, and thalium isotope are shown as shaded in Table 2 . The activities are calculated as follows. The activity of an isotope calculated from the i th gamma ray is
where i R is the count rate of the i th gamma ray at energy i E , i Y is the branching ratio of the i th gamma ray, and i ε is the total detection efficiency for this gamma ray. A list of the gamma ray energies for each of the isotopes analyzed in these two cases is shown in Table 2 .
The detection efficiency includes the intrinsic efficiency of the detector, as well as geometry, and attenuation. For implementation of the differential attenuation method, each component of the detection efficiency is separated into the factors
where G is a geometry factor, Ii ε is the intrinsic detection efficiency, ( ) c CF is a correction factor for attenuation caused by the container, and ( ) m CF is a correction factor for attenuation caused by the matrix and uranium. All of the factors are energy dependent except the geometry factor. The geometry factor and its uncertainty are shown in Table 1 .
The detection efficiency may also involve a collimator correction factor when the item being measured is close to the detector compared to the size of the item. In this analysis the distance is great enough to ignore the collimator correction factor.
The correction factor 3 for the container is typically known. It is calculated as
where the transmission can be measured or calculated as 
Investigation
In the first case, a 55 gallon drum of combustibles had a count rate in the 2614keV peak that was 3.8cps which was 25 times higher than background, but had only 0.7g of U-235 based on the analysis of the 186keV gamma ray peak. A 5in by 3in by 0.1in, 297g piece of thorium metal was later found in the drum. In the second case, a hospital can purportedly containing contaminated combustibles had a count rate in the 2614keV peak that was 2.6 cps, which was 17 times background. It turned out that the can contained 2.1kg of small HEU metal pieces in the bottom of the can. Thorium was suspected in the drum because the count rate in the 911keV gamma ray peak was 5.1cps which was greater than the count rate in the 2614keV peak. Because of this high count rate in the 911keV peak, the spectrum was analyzed with a thorium library. The relevant gamma rays are shown in Table 2 . From the initial analysis shown in Figure 2a , the activities from various daughters of Th-232 are consistent with secular equilibrium, but under-corrected for attenuation. If U-232 contributed to this activity, the Ac-228 gamma rays would appear underrepresented. The few gamma rays from the U-235 appear to have an unbiased correction for attenuation. Therefore, the uranium would seem to be homogenously distributed in the combustible, but the thorium is either Figure 2b . ISOTOPIC software differential attenuation plot for the 55 gallon drum after adjustments. The uranium fraction was increased to 1.0 as a surrogate for thorium metal. The density of the matrix was also increased to 0.22g/cc. Note the density cannot be taken literally in this situation because it is multiplied by the diameter of the drum for density thickness. The U-235 is clearly over-corrected.
In the second case, a hospital can purportedly containing combustible waste was found to have a count rate in the 2614keV peak which was 17 times background. Unlike the drum, the count rate in the 911keV peak from the hospital can was only 0.1cps; much lower than the count rate of 2.6cps in the 2614keV peak. Therefore, U-232 is suspected. This time, the gamma rays from Tl-208 were used to estimate the attenuation of the uranium gamma rays. When U-232 is involved, it is expected to be comingled with the other uranium isotopes. From Figure 3a , both the gamma rays from Tl-208 and the gamma rays from U-235 appear under-corrected. The only way, by trial and error, of providing enough attenuation correction was to increase the uranium fraction to one. The matrix density was also increased until the error bar from the 583keV gamma ray touched the zero line. The 510keV gamma ray is unreliable because of interference from 511keV gamma rays from annihilation. The small error bars on the 583keV gamma ray were reason to overrule the apparent overcorrection of the 277keV and 860keV gamma rays.
These corrections increased the U-235 value from the initial analysis of 18g U-235 to 1,190g U-235. It was determined from records that the hospital can actually contained 2.1kg of small HEU metal pieces on the bottom of the can. The 1.2kg NDA result does not correct for the unfavorable geometry from the pieces being on the bottom of the can. The geometry factor was based on the assumption that the uranium was distributed throughout the can. A transmission source would also not have improved this measurement because of the fact that the items were on the bottom of the can.
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Furthermore, a radiograph from the side would probably not have detected the uranium either. It this respect, differential attenuation is superior to a transmission source. Figure 3a . ISOTOPIC software differential attenuation plot for the hospital can before adjustments. Both U-235 and Tl-208 gamma rays are under corrected. Figure 3b . ISOTOPIC software differential attenuation plot for the hospital can after adjustments. The uranium fraction was increased to 1.0 because uranium metal was suspected. The density of the matrix was also increased. Note the density cannot be taken literally in this situation because it is multiplied by the thickness of the drum for density thickness.
